We assessed the impact of genetic divergence and the ability to combine corn hybrids used for the production of silage on the agronomic and bromatological traits of silage quality. We evaluated 18 corn hybrids used as genitors in a circulant diallel scheme in which each genitor hybrid participated in 9 hybrid combinations, and evaluated 100 treatments [18 genitor hybrids, 81 diallelic hybrids, and a commercial check hybrid (DKB330)] in a triple lattice 10 x 10 experimental design in two environments in Brazil. Genetic variability 2 E. Gralak et al.
was adequate among the corn silage hybrids, and we can recommend
INTRODUCTION
Corn (Zea mays) is the most popular species for silage production (de Oliveira et al., 2011) because it is easy to cultivate, has a high dry mass yield, is digestible, palatable to animals, and has high nutritional value (Neumann et al., 2009 ). In Brazil, as in the rest of the world, nearly 80% of the produced corn is directly or indirectly used for animal consumption, which demonstrates the importance of this crop to the sustainability of the livestock system (Marcondes et al., 2015) . The first and one of the most important stages of a corn breeding program is the formation of a base population, because the sources of extraction of elite inbred lines originate new hybrids (Hallauer et al., 2010) . Corn breeders routinely use germplasm with a narrow genetic base to form the base population because such an approach has several advantages: a high frequency of favorable alleles; pest and disease resistance; and, most importantly, high adaptability to different soil and climate conditions (Oliboni et al., 2013; Senhorinho et al., 2015) .
Currently, 162 corn hybrids are recommended for the production of grain and wholeplant silage in Brazil's corn market. These hybrids are important sources of genetic variability for the base population of corn genetic breeding programs, even when the major aim is to produce silage (Mendes et al., 2015) . However, the selection of the best hybrids must be supported by genetic parameters such as genetic divergence among genitors, combining ability, and favorable allele frequency (Mendes et al., 2015 , de Souza Neto et al., 2015 .
Combining ability, as estimated by diallel crossing, is widely used in corn breeding programs because it provides information about heterosis and the prevailing genetic effect on the control of traits, and helps in the selection of the best improvement strategies and the best genitors for the base population (Miranda Filho and Gorgulho, 2001) . However, when the number of genitors is fairly large, some types of diallel cross are impossible owing to the high number of crosses and the difficulty in evaluating hybrid combinations in experiments with repetitions in different environments (Cruz et al., 2012) . In such cases, the alternative is the circulant diallel in which a sample of possible crosses among p genitors is taken. In a circulant diallel, p progenitors represented in s hybrid combinations are evaluated (Kempthorne and Curnow, 1961) .
In Brazil, there are several genetic programs for breeding corn specifically for silage, and the preferred hybrids are usually those with the highest grain yields. Therefore, there is a need to improve the quality of corn silage produced in Brazil. Besides grain yield, it is important to consider other hybrid qualities such as nutritional value, which is partly related to the digestibility of the dry matter, and the proportion of fibrous plant material (almost 60% of the final volume of the silage).
In this study, we aimed to evaluate genetic divergence and combinatorial ability in 18 commercial corn hybrids that are recommended for silage production. We considered the agronomic and bromatological aspects of silage quality with the aim of selecting a germplasm for the synthesis of a new base population for the production of silage with high nutritional value.
MATERIAL AND METHODS

Treatments, trials, and environmental conditions
We conducted two experiments in the south-central region of the State of Paraná (PR), Brazil, during 2010/2011. The first trial was conducted at the experimental area of the Campus CEDETEG of the State University of Midwest in Guarapuava, PR, and the second experiment was carried out at Touros Farm in the city of Candói, PR.
We used 18 commercial corn hybrids as genitors (p = 18) in a circulant diallel scheme, in which each genitor participated in nine hybrid combinations (s = 9). Altogether, we evaluated 100 treatments in Guarapuava and Candói (18 hybrid genitors; 81 hybrid combinations of the genitors; and a commercial hybrid called DKB330) using a triple lattice 10 × 10 experimental design (Table 1) . The main traits of the hybrids and genitors, and the experimental conditions applied to the partial diallels and DKB330, are given in Table 1 . Both experiments were performed under a no-till system. Plots comprised three contiguous sowing rows with 0.8 m between each row, with a density of five useful plants per linear meter.
Based on the chemical analysis of the soil and the expectation of high production of green mass (>75 t/ha), we applied 328 kg/ha of NPK 08-20-15 as base fertilizer. We applied two lots of nitrogen fertilization to the growing area, i.e., 90 kg/ha of nitrogen in the form of urea (45% N) in two applications to the corn development stadia V 4 -V 5 and V 8 -V 9 .
Assessment of agronomical and bromatological silage quality traits
We evaluated the following agronomical traits: grain yield (GY: total mass of grain in t/ha at 13% of humidity); prolificacy (PRO: average number of corn cobs per plant); stem diameter (SD: diameter from the second internode above the soil level measured using a digital pachymeter); female flowering (FF: number of days between the emergence and flowering of more than 50% of the plants in the central line); plant height (PH: height, in meters, from the soil to the flag leaf insertion); ear insertion height (EH: height, in meters, from the soil to the main ear insertion); leaf width (LW: width, in centimeters, of the leaf associated with the main ear); leaf length (LL: length, in centimeters, of the leaf associated with the main cob); number of leaves above the main ear (NLA); internode length (IL: length, in centimeters, of the internode insertion on the main ear); number of leaves below the main ear (NLB); tassel main stem length (TMSL: length, in centimeters, of the tassel main stem); tassel secondary stem length (TSSL: length, in centimeters, of the tassel secondary stem); and tassel stem number (TSN: average number of tassel stems).
Forty days after female flowering when the grains showed nearly one-quarter of the milk line, plants from the central line of the Guarapuava trial plot were manually cut at 0.20 m above the soil to determine the green mass yield of the forage at the point of silage (GMY: t/ha). Six plants were chopped into 2.0-cm pieces. We prepared silage out of a 2.5-kg homogeneous sample in experimental hermetically sealed polyvinyl chloride (PVC) silos. After 150 days, we opened the silos and dried 0.3-kg samples from the silo's central mass in forced ventilation ovens at 55°C until we obtained a constant weight to determine the mass of the air-dried samples. We ground the samples in a knife mill with 1.0-mm sieves to determine the final dry matter at 105°C for bromatological analysis, and obtained the final dry matter yield (DMY: t/ha) based on the definitive dry matter and green mass yield.
We evaluated each sample in duplicate at the Animal Nutrition Laboratory of UNICENTRO for the following bromatological silage quality traits: crude protein content [CP: % of dry matter (DM)], as described by Silva and de Queiroz (2012) ; and acid detergentinsoluble fiber (ADIF) content and neutral detergent-insoluble fiber (NDIF) content, as described by Van Soest et al. (1991) . We determined in vitro dry matter digestibility (IVDMD) at the Feed and Nutrition Lab of UEM, according to the method described by Tilley and Terry (1963) adapted to the use of an artificial rumen developed by Ankon ® .
Statistical analysis and estimated parameters
Initially, the data from the experiments conducted in Guarapuava and Candói were subjected to individual analysis of variance according to the lattice design, opting for intrablock analysis with interblock information recovery to obtain adjusted means using lattice-effective error. After individual variances for GY, PRO, SD, FF, PH, and EH had been verified, we were presented with the possibility of performing joint analysis using Hartley's test, which evaluates homoscedasticity with average squares of effective error of variance analysis.
To estimate genetic distance between the genitor hybrids in the circulant diallel scheme, we conducted a multicollinearity diagnosis based on the phenotypic correlation estimative among the traits analyzed in each environment. We aimed to select variables that allowed a final weak multicollinearity (NC < 100), and avoided negative grouping analyses. We selected 13 quantitative traits to study genetic divergence in Guarapuava (GY, GMY, DMY, SD, FF, CP, ADIF, IVDMD, LW, LL, NLA, IL, and TMSL) and 14 traits to study divergence in Candói (GY, PRO, SD, FF, PH, EH, LW, LL, NLA, NLB, IL, TSL, TSSL, and NLB). Using the adjusted means of these variables, we estimated genetic divergence among the 18 corn hybrids used in the circulant diallel scheme through standardized averages of Euclidean distance by phenotypic standard deviation of each trait. We grouped the 18 hybrids using Tocher's agglomerative method with maximum distance between minimum limits of intergroup distances as the criterion to form the groups.
We obtained combining ability estimates according to Kempthorne and Curnow (1961) by considering p = 18 genitors and s = 9 crosses of each genitor, where s < p-1 and s ≥ 2 for a diallel that included F 1 's and genitors; ps/2 = 81: ratio relative to the total number of hybrid combinations; and k = (p + 1-s)/2 = 5: ratio relative to a whole number that defines the inferior and superior limit of the diallel.
We estimated classificatory Spearman correlation coefficients (P < 0.05) to verify ranking coincidence among genetic distances of genitor hybrids with specific combinatorial abilities and the mean of the respective hybrid combinations for agronomic and bromatological characters of silage quality.
We used the Genes computer software package (Cruz, 2013) to perform individual and joint analyses of variance, Pearson phenotypic correlation analysis, genetic divergence analysis, Tocher's agglomerative method, and individual and joint diallel analyses. We obtained Spearman's classificatory correlation coefficients using the "spearman" statistical package associated with the R statistical platform. Table 2 summarizes the results for the individual and joint analyses of variance, and presents the genetic parameters estimated for the agronomic and bromatological traits of corn silage quality. The lattice design was efficient (≥100%) for most of the traits analyzed, except NDIF and FF from the Guarapuava trial and EH from the Candói trial (Table 2 ). These data indicate the correct choice of design of treatments in the field.
RESULTS AND DISCUSSION
Individual and join analyses of variance and heritability
There was significant genetic variability between the different treatments for all bromatological traits of the silage assessment in the Guarapuava trial, and for agronomic traits observed in the Guarapuava and Candói trails (Table 2) . Such results show that commercial corn germplasm is an important source of genetic variability for corn silage enhancement programs, and they provide important alleles to improve various traits related to the bromatological quality of silage.
The source of variation treatments vs. location was significant (P < 0.05) for GY, FF, PH, and EH ( Table 2 ), indicating that the phenotypic averages of the different genotypes were modified as a result of variations in soil and climate conditions where they were analyzed, as a result of specific interactions between genotypes and environments. Many studies have indicated interactions between corn genotypes and the environment for several important traits such as grain yield and bromatological quality of silage (Gralak et al., 2014; de Souza Neto et al., 2015; Marcondes et al., 2015; Mendes et al., 2015; Marcondes et al., 2016) .
The source of local variation was significant (P < 0.05) for most of the analyzed traits, which indicates that although the environments were similar, they were capable of causing different behavior in the corn hybrids (Tables 1 and 2 ). Such results corroborate those of Pfann et al. (2009) , Oliboni et al. (2013) , and Gralak et al. (2014) , who evaluated different corn genotypes in different locations in the South Central region of Paraná and concluded that environments that are fairly similar may cause significant modifications in corn hybrid performance.
Broad sense heritability (h a 2
) indicates to what extent phenotypic variability is caused by genetic or inheritable causes, and is of major importance for plant improvers because it has a direct impact on the genetic gains obtained by selection (Hallauer et al., 2010) . Thus, the higher the heritability estimate, the closer the association between the phenotype and genotype, and the smaller the environmental influence on trait expression. The broad sense heritability estimates (h a 2 ) for GMY, DMY, and SD were less than 61%, which indicates that *Significant and ns = not significant according to the F test (P < 0.05); GMY: green mass yield (t/ha); DMY = dry matter yield (t/ha); CP = crude protein (% of dry matter); ADIF = acid detergent-insoluble fiber (% of dry matter); NDIF = neutral detergent-insoluble fiber (% of dry matter); IVDMD: in vitro dry matter digestibility (% of dry matter); GY = grain yield (t/ha); PRO = prolificacy (number of ears/plant); SD = stem diameter (cm); FF = female flowering (days); PH = plant height (m); EH = ear insertion height (m). such characteristics are possibly polygenic in nature and are induced by environmental effects (Table 2 ). However, the h a 2 values for traits related to the bromatological quality of the silage were high, varying from 85% for ADIF and IVDMD to 89% for NDIF (Table 2) . Such results indicate that effective selection may depend to a small extent on environmental influences, but the observed phenotypic variability is chiefly caused by genetics.
The results from studies that have investigated the heritability of bromatological traits of corn silage are highly variable. Gomes et al. (2004) reported in situ matter degradation, a h a 2 of 65.99%, and an NDIF of 80.37%, and concluded that heritability is the best genetic parameter for the potential improvement of a trait. Krakowsky et al. (2006) worked with populations from elite lines of corn and reported h a 2 values of 93% for ADIF, 94% for NDIF, and 67% for lignin. Ertiro et al. (2013) reported high h a 2 values for in vitro dry matter digestibility (80%), and ADIF and NDIF (81%), and the results were close to those from our current study. Marcondes et al. (2016) evaluated top-crosses of hybrids of partially inbred lines with elite lines and observed heritability values for ADIF and NDIF of 58% and 75%, respectively. They concluded that satisfactory genetic gains may be achieved by the selection of individual plants with lower fiber content.
Silage digestibility is the most important aspect of nutritional quality because it is directly associated with an animal's ability to exploit food Argillier et al., 2000) . In the present study, the IVDMD of the silage varied from 54.07 to 79.83% with a h a 2 of 85% (Table 2 ). This enables genotypes with better silage digestibility and lower fiber content to form base populations for the extraction of second cycle lines that have potential as new hybrids with high dry matter digestibility.
In a corn crop, the grain yield is a polygenic trait and is strongly influenced by the environment (Hallauer et al., 2010) , with h a 2 estimates of 20% (Idris and Abuali, 2011; Marcondes et al., 2016) to over 80% Bello et al., 2012; Ertiro et al., 2013) . The h a 2 values observed for grain yield were high in both our experiments, varying from 73.53% (Guarapuava) to 74.41% (Candói). These results indicate that most of the observed phenotypic variability comes from genetics, which can be exploited to make improvements.
Both general and specific combining ability (GCA and SCA, respectively) had a significant effect (P < 0.05) on all traits evaluated in the trials conducted in Guarapuava and Candói (Table 2 ). This indicates that additive and non-additive genes control the traits related to silage production and its bromatological characteristics. These data corroborate the results from other studies (Ertiro et al., 2013; Guerrero et al., 2014; Mendes et al., 2015) .
General and specific combining ability
The interaction between GCA and the environment was significant (P < 0.05) for GY, PRO, FF, PH, and EH (Table 3) . However, it is necessary to study the effect of the GCA of specific genotypes from each location because environmental differences are sufficient to affect the expression of additive genes involved in the control of these characteristics. However, the interaction between GCA and the environment was not significant for SD, and the result of the environment average satisfactorily explained the effects of the hybrid GCA (Table 3 ). The interaction between SCA and the environment was significant for all traits, and indicates that the expression of non-additive genes was modified by environmental variations in different locations.
The estimates of hybrid GCA (ĝ i ) effects on the agronomic and bromatological aspects of silage quality are shown on Figures 1 to 3 . Thus, for GMY, DMY, CP, and IVDMD, it is important that ĝ i estimates are positive and of high magnitude because it is desirable that the phenotypic value of these characteristics be increased. However, it is desirable to decrease NDIF and ADIF so that the ĝ i estimates are negative and of high magnitude. Figure 1 . Effects of general combining ability (ˆi g ) of 18 corn field maize hybrids to traits: green mass yield (GMY: t/ha), dry matter yield (DMY: t/ha).
When aiming to increase forage green mass yield at the point of silage, the recommended hybrids for intrapopulation enhancement are SG6010, P30F35, and CD304 because, on average, they were capable of increasing GMY in crosses with the participation of genitors owing to the high frequency of additive genes (Figure 1 ). For DMY, the hybrids with higher ĝ i estimates in ascending order are SG6010, Garra, and AS1572 because they provide increments of dry matter yield of the forage at the point of silage in the crosses that were used as genitors, and are the most promising for intrapopulational improvement (Figure 1 ).
Corn hybrids with higher crude protein content provide economic external sources and encourage greater activity of the rumen microorganisms in the animals that digest the silage. Figure 2 shows that the P30P34 hybrid was the only outstanding genitor regarding CP increments in silage, and showed an average 0.30% increase in protein in the crosses it participated in.
Breeding programs for forage corn have involved searches to select germplasms that contribute to greater participation of grains in silage mass; they provide lower fiber content and therefore result in silage with higher digestibility and nutritional value. Thus, based on ĝ i estimates, we recommend that in future researchers try to reduce the ADIF content of hybrids P30P34, Garra, AS1572, and GNZ2004 for intrapopulational strategy breeding (Figure 2 ). However, regarding NDIF content, we recommend the genitors CD308, Attack, CD304, P30K64, and P30P34 for intrapopulational breeding because they are capable of reducing NDIF content in the crosses in which they participate as genitors (Figure 3) . Hybrids P30K64, P30P34, AS1551, and AG8021 showed positive ĝ i estimates for IVDMD owing to a higher frequency of favorable and additive-effect alleles that increased the digestibility of the silage in the crosses in which they were genitors (Figure 3) .
Some hybrids stood out with ĝ i estimates appropriate for intrapopulational breeding strategies for more than one trait. Thus, when aiming to form a base population for intrapopulational recurrent selection searching to improve traits related to the silage bromatological quality, hybrid P30P34 stood out because it presented favorable ĝ i estimates and contributed to additive effect genes to improve DS, NDIF, ADIF, and IVDMD. Hybrid P30P34 has the potential for use in silage production, and was also recommended by Gralak et al. (2014) and de Souza Neto et al. (2015) for forming populations for intrapopulational recurrent selection of corn for silage, with the aim of reducing fiber content and improving the nutritional quality of the silage.
Hybrids CD304 and SG6010 can also be recommended for intrapopulational recurrent selection in consideration of GMY and DMY. Hybrid AS1572 had satisfactory ĝ i estimates for the improvement of NDIF and DMY. However, hybrid P30K64 can be used in breeding programs that attempt to reduce NDIF content and increase IVDMD.
The concept of SCA refers to non-additive-effect genes, contributes to the expression of the traits, and is of extreme importance for interpopulational improvement strategies (reciprocal recurrent selection) (Cruz et al., 2012) . Thus, the best hybrid combination for breeding regarding SCA effects is the one that has Ŝ ij estimates of appropriate magnitude for improving the feature. In addition, at least one of the genitors must have an appropriated Ŝ ij because, regarding qualitative and polygenic traits, additive and non-additive effects influence the final expression of the characteristic.
When the aim of the breeder is to form populations for reciprocal recurrent selection (interpopulational strategies) by searching to select lines that will simultaneously provide hybrids with higher GMY and DMY, we recommend a combination of hybrids SG6010 and 2B688. Both genitors show Ŝ ij estimates that are favorable for improving GMY (8.62 t/ha) and DMY (2.33 t/ha), and both have as a genitor the hybrid SG6010, which stands out for its Ŝ ij effects on these traits. When the aim is to increase the CP content of the silage, the best hybrid combination is P30P34 and AS1560 because it has the highest Ŝ ij estimate of diallel and also because genitor P30P34 stands out for its ĝ i for CP.
For interpopulational breeding schemes, when the aim is to reduce the ADIF content of the silage, the recommended combinations are P30P34 and AS1572 (Ŝ ij = -2.68%), and Garra and GNZ2004 (Ŝ ij = -2.29%), in which the genitor hybrids show favorable ĝ i effects for reducing ADIF content. However, when the aim is to form populations for interpopulational breeding schemes for decreasing NDIF content, the recommended combinations are CD308 and P30F53 (Ŝ ij = -6.08%), P30K64 and AS1551 (Ŝ ij = -4.28%), and Attack and P30B39 (Ŝ ij = -3.65%) because they have at least one genitor with favorable ĝ i effect.
The genitor combinations P30P34 and AS1572 (Ŝ ij = 4.40%), and AS1572 and P30K64 (Ŝ ij = 2.07%) deserve more consideration when the aim is to increase the IVDMD of silage in interpopulational breeding schemes, because such populations have positive Ŝ ij values and all the genitor hybrids are selected according to ĝ i effects that are appropriate for IVDMD enhancement.
Estimates of general combining ability for agronomic traits in Guarapuava and Candói can be seen in Figures 4 to 6 . The hybrids P30B39, P30K64, and 2B688 show positive ĝ i effects and high magnitude in both locations, and there are considerable increases in GY in the crosses in which they participated as genitors. This is owing to the presence of favorable additive-effect alleles (Figure 4) . We emphasize the importance of the interaction between the genotype and the environment with regard to the choice of genitors that will form base populations, because the Attack hybrid stood out regarding ĝi effects only in Candói, whereas in Guarapuava it presented a negative ĝi (Figure 4) . The genetic merit of the simple 2B688 hybrid for the formation of a base population for the intrapopulation enhancement of GY was also highlighted by Oliboni et al. (2013) . In the present study, apart from 2B688, hybrids P30P39 and P30K64 showed satisfactory behavior in both environments, and are alternatives for the formation of base populations for increasing GY. However, for interpopulational breeding schemes, the combination of genitors P30B39 and 2B688 stood out because it showed favorable Ŝ ij effects for increasing GY in both Guarapuava and Candói trails, in which genitor hybrids showed favorable ĝ i estimates for both environments (Figure 4) . Because the interaction between GCA and the environment had no significant effect on SD, it is clear that environmental differences do not affect the expression of additive-effect genes that are involved in the expression of such features. Therefore, the joint analysis of the average environment is sufficient for the selection of genitors. Thus, hybrids P30B39, P30R50, AG8021, and SG6015 had large negative ĝ i estimates that contributed to the reduce in thatch diameter ( Figure 5 ). However, the interaction between SCA and the environment was significant; the best combinations for interpopulation enhancement in Guarapuava were P30F53 and AG8021, and GNZ2004 and SG6010, whereas those in Candói were AG8021 and AS1560, and Attack and P30R50.
The best genitors for FF effects (ĝ i ) with regard to prolificacy in both environments were AS1572 and AS1551, and they contributed to female flowering in crosses in which they were genitors ( Figure 5 ). With respect to interpopulation enhancement with the aim of increasing prolificacy, in Guarapuava, the highlighted crosses were P30R50 and AS1572, and P30F53 and AS1551. In Candói the highlighted crosses were AG8021 and P30P34 because both presented at least one genitor with a satisfactory ĝ i effect and a large negative Ŝ ij .
Hybrids CD308, CD304, and AS1551 contributed to size reduction and stood out for their ĝ i effects in both environments. Therefore, we recommend them for intrapopulation enhancement when searching for smaller plants (Figure 6 ). However, with regard to the formation of populations for interpopulational improvement schemes with the aim of decreasing the size of the plants, we recommend combinations CD304 and P30K64, and AG8021 and AS1551 for Guarapuava, and CD304 and P30K60, and CD304 and AS1551 for Candói. To generate populations for the intrapopulation improvement of the height of cob insertion, the highlighted hybrids were AS1560, AS1551, and AS1572 with regard to the ĝi effects ( Figure 6 ). The best populations for interpopulation enhancement based on data from both experiments came from the combination of P30B39 and AS1572.
Genetic divergence and correlations
The success of a corn breeding program that involves a search for superior hybrids depends in particular on the population base formation stage (Hallauer et al., 2010) . It is recommended that new base populations are not formed based only on their phenotype, adaptation, and the resistance of their genitors, but on other genetic parameters such as reduced inbreeding, combining ability, and genetic distance (Oliboni et al., 2013; de Souza Neto et al., 2015; Senhorinho et al., 2015) .
There are several multivariate methods for successfully predicting genetic distance between genitors involving the main elements, canonical variables, and Tocher's method (Cruz et al., 2012) . Oliboni et al. (2012) estimated genetic distance using multivariate techniques with genetic parameters obtained for diallel crosses between commercial corn hybrids. These authors affirmed that such techniques are important tools for understanding heterotic groups in corn breeding programs, and they contribute to the prediction of promising crosses and the formation of improved base populations.
Values above the main diagonal in Table 4 represent genetic distances among 18 corn hybrids obtained by the mean Euclidean standard distance based on 12 agronomic and bromatological traits of the quality of corn silage evaluated in Guarapuava. The average genetic distance among the 18 hybrids was of 1.39 and the most divergent hybrid pairs were AG5011 and SG6015, and AG6015 and SG1560, with genetic distances of 2.05 and 2.02, respectively. These combinations provide evidence for possible heterotic groups. The most genetically similar hybrids were Garra and P30F53, Garra and P30B39, and CD308 and GNZ2004. The combination of such hybrids tends to generate populations with reduced variability.
The highest mean genetic distance was between SG6015 and 2B688, coinciding with Tocher's modified grouping that placed these two hybrids in two different groups (Table 4) . The three combinations with highest GY were obtained from hybrid 2B688 crossed with P30F53 (12.03 t/ha), P30B39 (11.82 t/ha), and P30K64 (11.19 t/ha). This indicates that 2B688 increased GY by virtue of its genetic distance from the others.
The grouping of the 18 corn hybrids by Tocher's modified method based on genetic distances obtained in the Guarapuava trial showed the formation of three mutually exclusive groups (Table 4) . Consequently, the individuals that belong to the same group are genetically similar and the genetic variability must be at a maximum when crosses are performed between individuals of different groups. Group I included hybrids CD308, Attack, AS1572, GNZ2004, P30B39, AG5011, Garra, P30F53, CD304, SG6010, AS1551, and P30P34 (Table  4 ) from various enhancement companies. Group II included hybrids P30K64, P30R50, 2B688, AG8021, and AS1560, and in Group III, the hybrid SG6015 was isolated from the other evaluated hybrids and was considered the most genetically distant hybrid. Simple hybrid SG6015 has toothed grains and an early cycle, and can be used in the production of grains and whole plant silage, producing silage of high dry matter digestibility (Table 1) .
Genetic divergence among individuals must always be analyzed with SCA when aiming to form base populations with high phenotypic mean and wide genetic variability. In the Guarapuava trial, the analysis of genetic distance and SCA among hybrids 2B688, P30F53, P30B39, and P30K64 indicates the feasibility of the reciprocal recurrent selection strategy among populations generated from 2B688 and the other hybrids, because the SCA was large in such combinations. In reciprocal recurrent selection, one population acts as the tester of the other population, and during the selection cycles, SCA and heterosis among populations increase, producing superior hybrids through the combination of population lines derived from 2B688 with lines derived from P30F53, P30K64, and P30B39. *Significant and ns = not significant according to the F test (P < 0.05); GMY: green mass yield (t/ha); DMY = dry matter yield (t/ha); CP = crude protein (% of dry matter); ADIF = acid detergent-insoluble fiber (% of dry matter); NDIF = neutral detergent-insoluble fiber (% of dry matter); IVDMD: in vitro dry matter digestibility (% of dry matter); DM = dry matter; GY = grain yield (t/ha); PRO = prolificacy (number of ears/plant); SD = stem diameter (cm); FF = female flowering (days); PH = plant height (m); EH = ear insertion height (m).
Distance values under the diagonal in Table 4 are related to the Candói trial. The average genetic distance observed among the 18 hybrids was of 1.38, very close to the one observed in Guarapuava. The biggest genetic distance was 2.21 between CD304 and P30P34. Combinations P30F53 and P30K64, and P30F53 and P30R50 had the smallest genetic distances because they were provided by the same company and possibly had the same genetic basis.
The P30P34 hybrid was the most genetically distant genitor (Table 4) , with an average distance was 1.74. Crosses P30P34 and Attack, and P30B39 and 2B688 produced double hybrids with higher GY values in the Candói trial: 14.02 t/ha, which surpassed the genitors and the commercial check DKB330. The closest hybrids in terms of genetics were AS1551 and SG6010 with a distance of 1.24 (Table 4 ). In the Candói trial, grouping by Tocher's modified method produced only two groups. In group I, 17 hybrids were included and in group II the CD304 hybrid remained isolated. The combination of 2B688 and P30B39 showed satisfactory performance and had a large positive SCA in both experiments, which confirms the strategy of using these hybrids to generate base populations for reciprocal recurrent selection.
In the Guarapuava trial, the Spearman coefficient classificatory correlation was not significant (P < 0.05) among the genetic distances of the 18 genitor hybrids in the circulant diallel scheme and the GY of the related double hybrids. This indicates that when crossed, the genitors with the largest genetic distances do not tend to originate a combination of higher means (Table 5 ). In the Candói trial, there was significant correlation (P < 0.05) among the genetic distances of genitors and the SCA of GY. These results corroborate the affirmation that a cross with high SCA must have a parent with a high degree of genetic divergence with dominant effects on the control character (Miranda Filho and Gorgulho, 2001) . Other studies on the use of genetic distance for the prediction of genetic parameters such as heterosis and SCA do not corroborate our present results. Table 5 . Classificatory Spearman correlation among standardized average Euclidian genetic distances, genetic parameter means, and specific combining ability observed in corn hybrids obtained for the circulant diallel scheme for agronomic and bromatological quality traits of silage assessment in the Guarapuava and Candói environments. *Significant and ns = not significant according to the t-test (P < 0.05); GY = grain yield (t/ha); FF = female flowering (days); SD = stem diameter (cm); PH = plant height (m); EH = ear insertion height; GMY = green mass yield (t/ha); DMY = dry matter yield (t/ha); CP = crude protein (% of dry matter);NDIF = neutral detergent-insoluble fiber (% of dry matter); ADIF = acid detergent-insoluble fiber (% of dry matter). Fernandes et al. (2015) verified the absence of genetic distance correlation among 48 elite corn lines using simple sequence repeat (SSR) molecular markers and the performance of hybrids. However, the authors suggest that extreme genetic distance data should be used for the choice of more promising crosses once the best hybrids have been obtained by the combination of lines with bigger genetic distances. Oliboni et al. (2012) evaluated genetic divergence among 12 corn hybrids used as genitors in a complete diallel scheme, and did not observe significant positive correlations between genetic distance and the genetic parameters used in the formation of base populations. They concluded that genetic divergence is not sufficient to account for the heterosis observed in hybrids once the occurrence of heterosis also depends on the degree of dominance of the considered characteristic. However, these authors evaluated 22 variables of qualitative and quantitative nature, and did not use the tool for multicollinearity diagnosis that all ows the selection of variables for the study of genetic divergence, thereby avoiding analysis of the grouping of highly correlated variables that may influence the separation of the groups.
In the Guarapuava trial, we did not observe correlation between the genetic distances of the 18 hybrids and SCA or the observed mean for all the silage agronomic and bromatological traits. These results are different from the ones obtained by Melchinger et al. (1992) , who estimated the genetic distance among 12 corn lines with different grain textures using restriction fragment length polymorphism (RFLP) molecular markers. They concluded that there was a large positive association between the genetic distances observed in the corn lines and the CEC of hybrids from such crosses.
There were large, positive, and significant correlations (P < 0.05) between SCA and the means of GY, FF, DS, PH, and EH in the Guarapuava and Candói trials (Table 5) , which corroborates other studies (Oliboni et al., 2012) . Such results indicate that the crosses with higher means tend to have higher deviations regarding their genitors, which means they present a higher degree of allelic complementarity with each other.
According to the results, we can conclude that the 2B688 hybrid forms the best base population for an intrapopulational breeding program for grain yield. The hybrids P30B39 and 2B688 are the best for obtaining populations for an interpopulational breeding scheme. The hybrid P30P34 is recommended for intrapopulational breeding when the aim is to obtain silage with higher crude protein content, lower fiber content, and better in vitro dry matter digestibility. For interpopulational breeding, when the aim is to improve silage digestibility, we recommend hybrids P30P34 and AS1572, and hybrids AS1572 and P30K64. The hybrids 2B688, P30P34, and SG6015 are the most genetically distant from the others and have appreciable values for combining ability, and are important genitors for the formation of new base populations for silage corn breeding programs.
